We used an immunohistochemical method for the inner mitochondrial membrane uncoupling protein (UCP) to examine whether human brown adipose tissue UCP could be detected by an anti-rat UCP antibody. Samples of human brown adipose tissue were obtained at medicolegal autopsies. Fat tissue was excised from around the common carotid arteries and in the subscapular region and from around the thoracic aorta. The subjects were either known alcohol consumers, in which thermogenically active brown adipose tissue (BAT) is often found, or victims of sudden infant death syndrome (SID). UCP was detected in all the cases examined, even when the post-mortem time from death to autopsy reached several days, but the intensity of the immunostaining was variable. Intense staining was observed in three cases with a post-
Introduction
The inner mitochondrial membrane uncoupling protein (UCP) is a proton carrier unique to brown adipose tissue (BAT). The synthesis of ATP can be uncoupled from substrate oxidation because of this proton conductance mechanism, which is the basis of the effective heat production mechanism of BAT mitochondria (11) . UCP has been isolated in human BAT and detected by a specific antiserum (14) . It has also been detected by a solid-phase radioimmunoassay (15) and an immunoelectron microscopy method (13) . Although it is still questionable whether brown adipose tissue in adult humans has any functional role in non-shivering or in dietinduced thermogenesis, it is presumed to be reactivated under appropriate stimuli, such as by high circulating catecholamines as in pheochromocytoma patients (16) . The presence of UCP and its mRNA has also recently been reported in some physiological conditions other than pheochromocytoma (9) . Increased ical School, Dept. of Physiology, Qutbec, Canada G1K 7P4. mortem time under 24 hr, but in the SID cases a strong positive staining was seen even with a post-mortem delay of 4 days. These results show that an anti-rat UCP antibody can be used for immunohistochemical detection of UCP in human brown adipose tissue and that it provides a useful method for distinguishing between white and brown fat in paraffin-embedded samples. It can be used to detect UCP in the BAT of obese and diabetic individuals and probably also in the histopathological diagnosis of brown adipose tissue lipoma, known as hibernoma. (JHstochem Cytochem 41 :759-764, 1993) brown adipose tissue have also been found in the pericarotid region and in the mediastinum of heavy alcohol consumers at autopsies (12) . On the other hand, defective diet-induced thermogenesis in brown adipose tissue is assumed to be associated with obesity in certain individuals (5) , and BAT probably also plays some role in glucose homeostasis, so that the coexistence of obesity and insulin resistance may be connected to a defect in the glucose metabolism in brown adipose tissue (8).
The human uncoupling protein has been observed to be very stable after death and has been measured by radioimmunoassay from the brown adipose tissue of individuals who had been dead for up to 48 hr (15).
The purpose of the present study was to find out whether human UCP can be detected by an immunohistochemical method using an anti-rat UCP antibody. In addition, the post-mortem stability and some other factors influencing the immunostaining were evaluated.
Materials and Methods
Sampling. Cervical, subscapular, and mediastinal fat with the macroscopic appearance of brown adipose tissue was collected at ten medicolegal autopsies performed at the Department of Forensic Medicine, University of Oulu, Finland, during 1989 and 1990. Cervical brown adipose tissue KORTELAINEN, PELLETIER, RICQUIER, BUKOWIECKI was collected from around the common carotid arteries beginning at the level of the proximal outer wall of the vessel and continuing up to the level of the carotid bifurcation. All deeply located brownish-colored fat tissue was dissected from the subscapular area. The thoracic aorta was cut proximally just above the aortic d v e and distally from the level of the diaphragm, and all detectable adipose tissue adjacent to the outer aortic wall was removed. The bloody areas of fat with post-mortem hypostasis were discarded and all muscle tissue, fragments of blood vessels, fibrous connective tissue, and lymph nodes were removed on ice under a stereo microscope. Several samples approximately 10 mm in diameter were taken from the middle of the pieces of fat tissue and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.6. In addition, a few samples were taken for electron microscopy and fixed in 1% paraformaldehydeel% glutaraldehyde solution with 0.1 M phosphate buffer (pH 7.1).
Light and Electron Microscopy. The paraformaldehyde-fixed samples were dehydrated and embedded in paraffin. Sections of 5 pm were cut on a microtome and mounted on slides. One section from each tissue block was hydrated and stained with hematoxylin-eosin. The paraformaldehyde-glutaraldehyde-fixed samples were rinsed and post-fixed in 1% osmium tetroxide and embedded in Epon 812. The sections were stained with uranyl acetate and lead citrate and viewed with a Phillips EM 300 electron microscope.
Immunohistochemistry. The uncoupling protein was prepared as described by Ricquier et al. (17) . The protein was purified by hydroxyapatite chromatography from mitochondria isolated from the interscapular brown adipose tissue of cold-acclimated Sprague-Dawley rats. The antiserum was raised in ewes and its specificity was tested as previously described (17) .
The sections were first deparaffinized, thereafter lightly dried, and were processed according to an indirect immunoperoxidase technique (19). Endogenous peroxidase was blocked by 0.3% hydrogen peroxide in 80% methanol. Unspecific binding was blocked by 10% egg albumin in Xis buffer. The sections were subjected to (a) sheep antiserum for rat uncoupling protein for 18 hr at 4 T and (b) rabbit anti-sheep peroxidase-labeled IgG for 4 hr at 4°C. The peroxidase was revealed in 0.01 M Tris-HC1 buffer, pH 7.6, containing 0.015% diaminobenzidine and 0.03% hydrogen peroxide. The slides were then rinsed in Tris-HC1 buffer before being mounted permanently.
Antibody solutions ranging from 1:200 to 1:2000 were tested. Optimal results were obtained with a 1:lOOO dilution, which was used in the subsequent experiments. The specificity of staining was verified by (a) absorbing the antibody with an excess of uncoupling protein, and (b) using a non-immune sheep serum instead of the antibody. Rat interscapular brown adipose tissue served as a positive tissue control.
Results
The present material incudes three cases of sudden infant death syndrome (SIDS), in all of which the routine histological sections consisted mainly of typical multilocular brown adipose tissue cells. In all these cases the immunohistochemical staining of UCP was strongly positive in the multilocular cells, even 4 days after death. However, the staining was not uniform but its intensity varied in different cells in the same sample ( Figure 1A ). Control stainings with absorbed antibody ( Figure 1B ) and non-immune serum did not show any positive immunostaining, whereas the rat interscapular BAT showed intense staining. Electron microscopic examination in Case 1 ("hble 1) revealed some signs of early autolytic changes, such as slight disarrangement of cell membranes, but in general the mitochondrial ultrastructure was rather well preserved ( Figure 2) .
In three cases the post-mortem time did not exceed 24 hr, the shortest delay after death to autopsy being only 4.5 hr (Table 1 ). In this case, very well-preserved multilocular BAT cells were found in all samples and the immunostaining showed a clearly positive but non-uniform reaction in these cells (Figure 3) . This individual was a middle-aged woman who died from suicidal drug and alcohol intoxication (Table 1) . Relatively abundant BAT was also seen in the other two cases with a short post-mortem delay, but the immunostaining was more prominent in the 24-year-old man who committed suicide (Table 1 ). In the rest of the cases, the post-mortem period varied from 1.5 to G days, and slight to moderate autolytic changes were seen in the hematoxylin-eosin stainings. However, multilocular brown adipocytes were morphologically identifiable in all the samples, but their amount and the multilocular pattern varied widely. Positive immunostaining was detected in all of the samples examined, but in the cases with the longest post-mortem delay the staining was never intense in any of the multilocular cells.
No positive staining was observed in the large unilocular adipocytes, but in some smaller unilocular cells a narrow peripheral zone close to the plasma membrane sometimes showed a slight positive reaction. In some samples with a long post-mortem delay the thin connective tissue septae and the adventitial layer of the small blood vessels showed some unspecific staiping, but this was reduced by blocking procedures.
Discussion
Although the uncoupling protein is known to be very stable both postmortem and on storage (15), the post-mortem time from death to autopsy seems to have a considerable effect on the immunostaining because of the autolytic changes in the tissue. The mitochondrial ultrastructure was, however, rather well preserved in cases with relatively short post-mortem delay. This confirms that the inner mitochondrial membrane, in which the uncoupling protein is located, had remained quite intact and that the post-mortem degradation of UCP probably had not been marked in these cases. The intensity of the immunostaining may therefore indicate the amount of UCP in different cells in a semiquantitative manner.
In the previous post-mortem study of Lean et al. (15) , a substantial variation was observed in the content of adult human UCP as measured by a solid-phase radioimmunoassay. The highest concentrations were seen in the BAT of two subjects dying from subarachnoidal hemorrhage and septicemia, both of which are very stressful conditions, and are usually associated with high levels of circulating catecholamines (15) . The material presented here consists of such cases in which the cause of death and the length of the agonal period (so-called "death struggle") were widely variable and probably resulted in very different effects on the sympathetic nervous system. The possible influence of these factors on the immunostaining of UCP cannot be excluded.
Ultrastructural changes, such as increased vascularity, decreased site of lipid droplets, and increased number as well as internal organization of mitochondria, have been seen in rat brown adipose tissue cells as early as after 3 hr of cold exposure (2) , and the UCP mRNA has been reported to increase within the first hour of cold exposure in rats (18) . An increase in rat UCP has also been observed within a few hours of cold exposure (18) . On the other hand, Trayhurn et al. (20) did not see any rapid increase in the concentration of rat interscapular brown adipose tissue UCP after a few hours of acute cold exposure. The present material includes one death from hypothermia (Case 8), in which the agonal period probably lasted for several hours, and so acute cold-induced changes in BAT structure and UCP biosynthesis may also have been possible in some cells of the tissue. The death had been instantaneous in the three suicides from shotgun wounds, and the sudden cardiac death from a cardiomyopathy was also considered to be almost instantaneous, as were the three crib deaths. The agonal phase in the two cases of alcohol and drug intoxication probably lasted for a longer period of time, depending, for example, on the duration of drinking and taking the pills, absorption from the intestine, and possible druginduced hypothermia. This may also have had some acute effects on BAT.
The possible effects of alcohol and other drugs on circulatory catecholamines and consequently on the noradrenergic control of UCP synthesis should also be taken into consideration. Interestingly, one of the SIDS victims had a blood caffeine concentration of 8 mglliter. which could not be explained by anything other than lactational intake due to excessive coffee-drinking by the mother.
Caffeine is known to be a thermogenic drug with a stimulatory effect on brown adipose tissue (1) .
The nutritional status of these individuals probably also had an effect on the immunostaining of UCP. Defective thermogenesis in BAT is considered to be one of the etiological factors of obesity (4). One obese individual with a body mass index of 32.5 was included in the material (Case 5). but all the other adult subjects were lean, with a body mass index under 25.0 ( Table 1 ). The samples from the obese individual contained a few multilocularfat cells, but the immunostaining was only slightly positive. This could also have been a consequence of the rather long post-mortem period of 4 days.
The non-uniformity of the immunostaining in the brown adipocytes points to a non-uniform distribution of the uncoupling protein among brown adipocytes, possibly representing different phases of cell development. A non-uniform staining was also observed in the study of Cadrin et al. (7) in which the UCP was immunohistochemically identified in rat brown adipose tissue. It is difficult to distinguish mature brown adipocytes from their precursor cells by light microscopy, but electron microscopic and autoradio- graphic studies have provided morphological evidence of four typical stages of cell development in brown adipose tissue: interstitial cells, proto-adipocytes, pre-adipocytes, and mature brown adipocytes (6, 9, 10) . The present immunohistochemical study does not, however, provide any evidence that UCP would be present in the smaller precursor cells. Immunoelectron microscopy techniques will be needed to reveal this. The slight positive staining observed in a narrow peripheral region of some unilocular adipocytes may indicate the presence of UCP in the mitochondria of some unilocular brown adipocytes, but this finding also requires further electron microscopy studies. The immunohistochemical detection of uncoupling protein provides a useful tool for screening to determine whether certain adipose tissue cells should be classified as white or brown adipocytes, because UCP can be detected only in BAT cells and the gene for UCP is expressed only in brown adipose tissue (3) . The immunohistochemical method for this tissue-specific antigen could be used both for research purposes to detect UCP in surgical and autopsy samples of BAT from obese and diabetic individuals and probably also in the histopathological diagnosis of brown adipose tissue lipoma, known as hibernoma.
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